The growth of Pb on Si(111)7ϫ7 has been studied with photoelectron spectroscopy. At low temperature ͑110 K͒, Pb grows in a quasi layer-by-layer mode that allows for the direct observation of discrete quantum well states. The quantum well states are analyzed in terms of the Bohr-Sommerfeld phase quantization model using a phenomenological phaseshift function and reduced quantum numbers. Fermi-level crossings occur when the film thickness Ndϭn( F /2), where d is the atomic layer spacing and F the bulk Fermi wavelength (N,n are integers͒. The photoemission intensity from the quantum well states shows a strong modulation with photon energy which can be interpreted on the basis of the matrix elements for direct transitions in bulk Pb͑111͒. The in-plane effective mass of the quantum well states is greatly enhanced in the vicinity of the substrate band edge. The present results provide important elements for understanding the growth morphology of Pb films in recent STM studies.
I. INTRODUCTION
There is an increasing body of experimental evidence suggesting that the growth mode of ultrathin metal films at moderately low temperatures is significantly affected by the quantum-size effect. The earliest report dates back to 1989 when Hinch et al. 1 studied the growth of Pb on Cu͑111͒ near 200 K and observed a doubling of the periodicity in the specular beam intensity in He scattering experiments during growth. They proposed that Pb grows in bilayers and noted that the bilayer periodicity is almost perfectly commensurate with half the Fermi wavelength: NdϷn F /2. The proposed link between quantum confinement and growth mode did not survive later scrutiny 2 but recent studies convincingly showed that electronic structure, specifically quantum confinement perpendicular to the film, dictates the growth morphology during the early stages of growth at low temperature. ''Magic film thickness'' 3 and ''preferred island heights'' 4, 5 have been observed for several metalsemiconductor interfaces. The preferred island heights of Pb on Si͑111͒ can furthermore be tuned by tuning the confinement parameters ͑i.e., boundary conditions͒ of the film. 6 The relation between quantum confinement and structural stability was demonstrated also for metal-on-metal epitaxy in which case the confinement is not due to the absolute band gap in the substrate but rather to a relative band gap in the growth direction.
To understand and predict the morphological evolution during low-temperature growth, one needs to understand the underlying physics in detail; analysis of the quantized electronic states and their boundary conditions is therefore essential. To calculate these levels, one can start from the standard textbook example of a particle in a one-dimensional, finite square well potential. A slightly more sophisticated modelthe ''electronic growth'' model 7 -explicitly addresses the role of the semiconductor substrate and revealed that ultrathin flat films can be thermodynamically stable, marginally stable, or even unstable, depending on their thickness, similar to the existence of magic numbers for metal nanoclusters. 8 The unstable films are expected to phase separate into multiple-height islands of stable thickness, provided that the temperature is high enough to allow sufficient surface diffusion. These predictions have been verified in the experimental studies cited above, but the electronic growth model is too simplistic to quantitatively reproduce the global energy minima of the metal films. Total energy calculations within the framework of density functional theory ͑DFT͒ calculations should be much more accurate but these often cannot include the ͑usually͒ incommensurate substrate. Further complications arise from the fact that the structure of the interfacial wetting layer is usually disordered or totally unknown.
To obtain more knowledge about the Pb/Si(111)7ϫ7 system and especially about the quantized electronic states, we performed photoemission measurements as a function of layer thickness. Photoemission is a suitable technique to probe quantum well states directly. Normal emission data at fixed photon energy will show quantum well states dispersing to lower binding energy as the film thickness increases. The Bohr-Sommerfeld phase accumulation model very well reproduces this behavior and furthermore yields the interfacial phaseshift parameter. Normal emission data at different photon energies reveal strong matrix element effects for photo-ionization, and angle-dependent photoemission data reveal a large in-plane effective mass for states that are close to the Fermi energy. These experimental results have been analyzed in detail and their implications for growth and stability will be discussed in the context of recent STM studies.
The base pressure of the chamber was 3ϫ10 Ϫ11 mbar. The photon energies used were у22 eV because otherwise second-order light from the monochromator would produce spurious features in the photoemission spectra. An n-type silicon sample was cleaned by flashing to 1375 K by resistive heating. After cooling to room temperature the sample showed a sharp 7ϫ7 low-energy electron-diffraction ͑LEED͒ pattern and photoemission spectroscopy showed no traces of contamination. The sample was subsequently cooled by a liquid-nitrogen cold finger to 110 K. Pb was evaporated from a Knudsen cell at a source temperature of 870 K which resulted in an evaporation speed of 0.11 monolayer ͑ML͒ per minute. The growth temperature of 110 K appeared low enough to prevent the presence of preferred ͑magic͒ island heights. Pb grows in the ͑111͒ orientation on Si(111)7ϫ7 and therefore the film thickness is given in terms of a Pb͑111͒ monolayer (1 MLϭ9.43 ϫ10 14 atoms/•cm Ϫ2 ). The Pb evaporation speed was calibrated from the evolution of the Schottky barrier as a function of deposition time and from the ratio of the Pb5d/Si2p photoemission line intensities as a function of deposition time. 10 This intensity ratio abruptly saturates at the absolute coverage of 0.65 ML, which was independently checked with Rutherford backscattering spectrometry. The development of the Schottky barrier is complete at a coverage of 0.8ϫ0.65 ML ϭ0.52 ML. 10 This calibration was consistent with the readings of our quartz crystal oscillator.
III. RESULTS AND DISCUSSION

A. Photoemission from quantum well states
A series of photoemission spectra of Pb on Si(111)7ϫ7 at 110 K is shown in Fig. 1 . The spectra were recorded at normal emission with 22 eV photon energy. The incident angle was 45°and the polarization was in the plane of the incident photons and emitted electrons. The signature of the quantum well states is evident from ͑i͒ the binding energy shift of the peaks with increasing Pb coverage and ͑ii͒ the fact that the binding energy of a quantum well state is independent of photon energy ͑Fig. 6͒. Binding energies were determined from the minima of the second derivatives of the photoemission spectra. One can clearly see that the quantum well states shift to lower binding energy with coverage, which may seem counter intuitive but will be explained later on. At 22 eV photon energy, the quantum well states are only observed within a binding energy interval from 0 to 0.7 eV below the Fermi level. Figure 2͑a͒ shows a plot of the quantum well energies as a function of layer thickness ͑in ML Pb͒. As a first step towards the interpretation of the data we employ a symmetrical, one-dimensional square well potential 11 with a depth of 12.4 eV ͑8.1 ϩ 4.3 eV for the Pb work function͒ and an effective mass of 1.2m e . Filled squares represent the energies of the quantum well states that are calculated with this model. The quantum numbers n are indicated and it can be seen that for each measured photoemission ''branch'' p ϵ3NϪ2n remains constant (N is the layer thickness in ML͒. The reduced quantum numbers p are indicated in Fig. 2͑a͒ .
Each photoemission branch has the property that it supports a new quantum well state as the thickness increases in multiples of two monolayers. The number of antinodes in the wave function increases by three for each bilayer increment, hence the condition 3NϪ2nϭ constant. From the bulk band structure of Pb, one finds that in this range of energy and momentum, Ϸ4d/3, which does indeed show that a bilayer of Pb can support approximately three antinodes (d ϭ2.85 Å and F ϭ3.95 Å). 11 The energy goes up slightly for each bilayer increment, which is due to the fact that the wavelength must be squeezed a little so that the wave function can still fit in the well. The number p can be viewed as a reduced quantum number corresponding to a longwavelength (Ј) modulation which satisfies the condition pЈ/2ϭ2Nd.
This simple model reproduces the scanning tunneling miscroscopy and spectroscopy ͑STM/STS͒ observations of Su et al. 5 and Altfeder et al. 12 that each quantum well branch has only contributions from odd-or even-numbered layers. Branches with reduced quantum number pϭeven ͑odd͒ only have contributions from even ͑odd͒ layers. Another property of the system is that all films with an even number of atomic layers support a quantum well state 0.6 eV above the Fermi level. These states all belong to the branch pϭ0 ͓not shown in Fig. 2͑a͔͒ and have kϭ3/2d exactly at the midpoint of the second Brillouin zone. 5 Su et al. 5 From the measurements it is furthermore deduced that the Pb growth is not perfectly layer-by-layer. The quantum well states disperse continuously with Pb coverage and do not reveal monolayer resolution. Neighboring quantum well states in each branch are often separated by less than 0.1 eV and hence it is also much more difficult to achieve monolayer resolution as compared with e.g., Ag films. 13 The small separation of the quantum well states is a direct consequence of the property that each bilayer supports three new states.
We now turn to the more accurate description in terms of the Bohr-Sommerfeld phase accumulation model
with k(E) the Pb band structure in the ⌫L direction ͑perpen-dicular to the surface͒, Nd the thickness of the well, ⌽ B and ⌽ C the phaseshifts at the surface-vacuum interface and the metal-semiconductor interface, respectively, and n the principal quantum number of the state. The wave vectors k(E) are located in the second Brillouin zone. When we approximate the surface potential barrier with an image potential, the phaseshift at the vacuum side of the well can be approximated from the well-known WKB expression:
Ϫ1, ͑2͒
where E V is the vacuum level ͑or work function͒. ⌽ B varies slowly as function of energy. It ranges from Ϫ0.11 at the Fermi level and Ϫ0.18 at 0.7 eV binding energy to Ϫ0.36 at 4 eV binding energy. The total phaseshift (⌽ B ϩ⌽ C ) and k(E) can be determined from the experiment if films of various thickness have quantum well states at the same binding energy. 15 Because ⌽ only depends on energy, these two states must have identical phaseshifts. Their wave number is therefore given by
with N 1 and N 2 corresponding to the number of layers in each film. This value for k gives, along with Eq. ͑1͒ the total phaseshift at that particular energy. Because the dataset is limited to a small energy window of only 0.7 eV, this analysis can only be implemented for four pairs of quantum well states. The result for E(k) is shown in Fig. 3͑a͒ . The band structure is approximately linear for such a small interval. The fit gives a value for k F of 1.591Ϯ0.006 Å Ϫ1 , which is in very good agreement with De Haas-Van Alphen measurements 16, 11 which produced a value of 1.596 Å Ϫ1 . From the experimental relationship k(E) and WKB values of ⌽ B from Eq. ͑2͒, ⌽ C can be calculated, which is a slowly varying function of energy. A linear fit gives the result ⌽ C ϭaϩbE, with aϭ3.1Ϯ0.1 rad and bϭ0.34 Ϯ0.11 rad eV Ϫ1 , as shown in Fig. 3͑b͒ . These values are similar to those of Al/Si͑111͒, 17 Ag/Si͑001͒ and Ag/Si͑111͒.
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At low coverages (Ͻ8 ML) the finite square well model deviates significantly from the photoemission branches with pϭ1 and pϭ2. The square well model ignores the band structure and does not come anywhere close to reproducing the correct boundary conditions. The deviation from this model becomes increasingly important for thinner films. The phase accumulation model, instead, reproduces the photoemission branches over the entire coverage range. Figure  4͑a͒ shows a fit to the pϭ2 photoemission branch using Eq. ͑1͒ in combination with the condition nϭ(3NϪp)/2, assuming that the dispersion k(E) remains linear down to 0.7 eV binding energy. Phaseshifts are shown in Fig. 4͑b͒ . Figure 2͑b͒ shows the photoemission intensity at the Fermi level as a function of Pb coverage. The values for this graph are obtained by symmetrizing the spectra. 19, 20 In this procedure a spectrum ͑with E F ϭ0) and the spectrum with reversed energy sign are added up as shown in the inset of Fig. 2͑b͒ . This symmetrization procedure essentially removes the Fermi-Dirac distribution. The symmetrized intensity peaks when a state crosses the Fermi level. The vertical axis of Fig. 2͑b͒ shows the height of the peak in the symmetrized spectrum devided by the height of the Fermi edge of a single spectrum ͑for normalization purposes͒. The broad features in Fig. 2͑b͒ ͑i.e., the broad peaks around 9 and 16 ML͒ correspond to the Fermi-level crossing of the first (pϭ1) and second (pϭ2) photoemission branches of quantum well states. A quantum well state close to E F gives rise to an increased intensity at E F . The maxima of these peaks are indicated as filled circles in Fig. 2͑a͒ and are situated where the photoemission branches would cross the Fermi level. The overall shape of Fig. 2͑b͒ reflects the long-wavelength oscillation in the so-called ''misfit function'' ␦ϭ͉NdϪn F /2͉ which was introduced by Hinch et al. 1 Fermi-level crossings appear when ␦ϭ0, which happens when the coverage equals 9 and 16 ML. Pronounced dips in the photoemission intensity appear at 13 and 20 ML. At these points, the highest occupied quantum well state has the highest binding energy, i.e., these are the midpoints between two subsequent Fermi- level crossings. With increasing coverage, the branches come closer together which explains the fact that the intensity minimum at 13 ML is deeper than the minimum at 20 ML.
The data in Fig. 2 of the paper by Su et al. 5 show the first Fermi-level crossing when the Pb islands grow 8 ML high above their wetting layer. Altfeder et al. 12 observe the crossing of the second branch (pϭ2) at an island height of 15 ML. Our data indicate Fermi-level crossings at 9 and 16 ML which shows that the wetting layer in the STM experiments 5, 12 can only be one layer thick instead of three, as was claimed in these studies. Taking a wetting layer of only 1 ML, all of the quantum well energies measured in the STM/STS experiments 5,12 fit our photoemission results nicely. A 1 ML wetting layer reduces the quantum numbers of Su et al. by 3.
From purely electronic considerations, higher binding energies at k ʈ ϭ0 imply larger stability, 13 which would then suggest that films of 13 ML and 20 ML, and films below Ϸ8 ML should be particularly stable. Realizing again that the spectra are not layer resolved and that the pϭ1 branch belongs to the odd-numbered layers, whereas the pϭ2 branch belongs to the even-numbered layers, it is immediately evident that below 9 ML, the even-numbered layers are more stable than odd-numbered layers, whereas the oddnumbered layers are more stable between 9 and 16 ML. Alternatively, below 9 ML islands consisting of an odd number of atomic layers above the wetting layer should be more stable than those with an even number of atomic planes. STM 21 and spot profile analysis LEED data 6 indeed suggest that 5 ML and 7 ML height islands are strongly preferred; however, the strongest preference for 7 ML height islands is inconsistent with the increased binding energy of the pϭ2 branch towards lower coverage. The strong dips at 13 ML and 20 ML call for STM investigations to explore the possibility of a preferred thickness in this coverage range.
B. Angle-resolved photoemission
The in-plane dispersion of a quantum well state at 0.30 eV binding energy (pϭ2) of a 9 ML Pb film is measured with angle-resolved photoemission spectroscopy. The spectra are recorded at a temperature of 120 K. The data for the two main crystallographic directions ⌫M and ⌫K are plotted in Fig. 5 .
The parallel momentum k ʈ was obtained from បk ʈ ϭͱ2mE k sin , with E k ϭhϪE b Ϫ a , and a the workfunction of the analyser. The values for the effective masses m* derived from the spectra in the ⌫M and ⌫K direction are 3.95m e and 3.61m e , respectively. To check whether these high values of the effective mass are an intrinsic property of two-dimensional Pb, DFT calculations have been performed on free standing Pb films, according to the localized spherical wave technique. 22 This method is a modification of the augmented spherical wave program that was developed by Williams et al. 23 Exchange and correlation were treated within the local spin-density approximation and scalar relativistic effects were included. 24, 25 The lattice of Pb atoms was not allowed to relax in the calculations. The effective masses from the calculations are listed in Table I .
These theoretical values of m* show numbers from 0.6 to 1.3m e and an increase of the effective mass with decreasing binding energy. Similar behavior has been observed for Al/Si͑111͒ 26 and Ag/Si͑111͒. 27 From these numbers it is clear that the measured values for m* cannot be attributed to the electronic properties of two-dimensional Pb. Other studies have indicated unexpected trends and sometimes unusually large mass parameters for quantum well states near the valence-band edge of the substrate. Examples include Ag on Si͑001͒, 28 Al on Si͑111͒, 26 and Ag or Cu on V͑001͒. 29 For Pb on Si(111)7ϫ7, the Fermi level is located near the bottom of the Si band gap 30 which means that the pϭ2 band of the 9 ML film must be close to the valence band maximum. We conjecture that this causes the unusually large values for m*.
C. Influence of the photon energy
At 22 eV photon energy quantum well states can only be observed for binding energies Ͻ0.7 eV. However, if the photon energy is varied, quantum well states can be observed at different binding energies. For example, around h ϭ31 eV a quantum well state appears at 3.3 eV binding energy. A series of photoemission spectra from a 4.5 ML Pb film on Si(111)7ϫ7 taken with photon energies from 22 to 32 eV is presented in the gray scale plot of Fig. 6͑a͒ . This gray scale plot is obtained by multiplying the second derivative of the photoemission spectra with a function that corrects for the increased lifetime broadening at higher binding energy. This correction function is given by
, with E b the binding energy, ⌬E instr the instrumental energy resolution and ␣(ϭ0.1) a constant to be adjusted to obtain good contrast in the entire energy range of the plot. 31 In this figure, black represents high photoemission intensity while white represents low photoemission intensity.
It can be clearly seen that the intensity of the quantum well state at 0.7 eV binding energy is diminished for photon energies Ͼ27 eV and that the state at 3.3 eV binding energy is only visible for hϾ28 eV. The quantum well state at 2.0 eV binding energy is less pronounced and only visible in the region between 26 and 29 eV. In this 4.5 ML Pb film, the state labeled A at 0.7 eV binding energy can be attributed to the pϭ2 branch, the state labeled B ͑1.9 eV binding energy͒ to the pϭ3 branch and state C ͑3.3 eV binding energy͒ to the pϭ4 branch. The contribution of the pϭ1 branch is observed in the raw spectra for photon energies from 22 to 25 eV, but it is not visible in the gray scale plot due to the strong curvature near the Fermi level.
For the 10 ML film of Fig. 6͑b͒ , states D and E at 0.3 and 0.7 eV binding energy can be attributed to the pϭ2 and p ϭ3 branches, respectively. For binding energies greater than 1 eV, the individual quantum well states of the pϭ4 branch ͑1.1 to 1.5 eV binding energy͒ can be observed and are labeled F1 -F3. From the simple finite square well model, one finds that the F1, F2, and F3 states correspond to different layer thickness ͑8, 10, and 12 ML, respectively͒, which is indicative of a rough growth front.
The observed intensity maxima of the quantum well states coincide with photon energies for direct transitions 32, 33, 28 in bulk Pb. The curves in Figs. 6͑a͒ and 6͑b͒ indicate the locations, where direct transitions would be possible in bulk Pb. 34 The valence states in ultrathin films are quantized, but the photoemission matrix elements do not deviate much from those in the bulk. 35, 36 In thin films however, matrix elements only integrate over the film region, which causes a broadening in momentum ͑ϭenergy͒ space. 37 This is illustrated in the Figs. 6͑a͒ and 6͑b͒. The photon energy range in which a certain quantum well state can be observed for a 10 ML film is 1.7Ϯ0.1 eV ͓Fig. 6͑b͔͒ while for a 4.5 ML film it is 2.7 Ϯ0.3 eV ͓Fig. 6͑a͔͒.
IV. SUMMARY
The growth of Pb on Si͑111͒ has been studied with photoemission spectroscopy. The experimental photoemission branches of quantum well states can be described with a reduced quantum number pϵ3NϪ2n. The number p can be viewed as a reduced quantum number corresponding to a long-wavelength modulation that satisfies the condition pЈ/2ϭ2Nd. The photoemission branches reflect the general property of the Pb films that in the energy range of interest, each bilayer of Pb can support approximately three antinodes of the quantum well wave function. The photoemission branches cross the Fermi level when the condition Ndϭn F /2 is satisfied. The quantum well states are furthermore characterized by a large in-plane effective mass and strong matrix element effects for photo-ionization. The present study also sheds some light on previous STM experiments. It is now evident that below 9 ML, films with an even number of atomic layers are electronically more stable than those with an odd number of layers. This observation accounts for the fact that the ''magic'' islands in STM studies all have an odd number of atomic layers above the wetting layer. The wetting layer in the STM studies consists of only a single layer of Pb. 
